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ABSTRACT

NAC is a computer code designed to predict the neutron-induced
gamma ray radioactivity for a wide variety of composite materials.
This code is a subset of the NAP code, and the code output has been
altered to provide convenient analysis by experimenters. The NAC
output includes the input data, a list of all reactions for each con-
stituent element, and the end-of-irradiation disintegration rates for
each reaction. The code also compiles a product isotope inventory
containing the isotope name, the disintegration rate, the gamma-
ray source strength, and the absorbed dose rate at 1 meter from
an unshielded point source. The induced activity is calculated as
a function of irradiation and decay times; the effect of cyclic ir-
radiation can also be calculated.
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SUMMARY

NAC is a computer program designed to predict the neutron-induced
gamma ray radioactivity for a wide variety of composite materials. The
unshielded induced radioactivity is calculated as a function of neutron
exposure and decay times. The effects of cyclic exposure to a neutron flux
and target atom burn-up can also be calculated.

NAC, a subset of NAP, provides fewer computational options than NAP
and the output has been altered to provide for more convenient analysis by
experimenters. The NAC output includes the input data, a list of all
reactions for each constituent element, and the end of irradiation dis-
integration rates for each reaction. The code also compiles a product
isotope inventory containing the isotope name, the disintegration rate,
the gamma ray source strength, and the absorbed dose rate at one meter
from an unshielded point source. A breakdown of the above data as a
function of gamma energy for each product isotope is available as an
option.

INTRODUCTION

NAC is a computer code written to provide a means of rapid analysis
of the neutron-induced gamma ray radioactivity for a wide variety of
composite materials. The code is a simplified version of the NAP program
(see ref. 1). NAP was written to calculate the induced activity and
unshielded gamma dose as a function of time, space, and gamma energy.
NAP was designed to use the neutron spectrum output from a transport
code and to provide input data for a gamma shielding code. NAP is highly
versatile and well suited to this type of activation calculation. However,
the detailed calculations available with NAP are not warranted in experimental
situations in which knowledge of the neutron spectrum is limited and the
activation information required is minimal. Such a situation would occur
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when the knowledge of the post-irradiation activation hazards of an ex-
perimental capsule, to be irradiated in a test reactor, is desired.

NAC was written to provide this type of activation calculation, and
the code output has been designed to provide for convenient analysis by
experimenters. The output consists of two sections. The first contains
the input data (material composition, neutron fluxes, irradiation time,

a list of the reactions considered for each element, the end of irradiation
disintegration rates (dis/sec) for each reaction, and the fraction of the
activity produced by each neutron energy group. The second section is

a product isotope inventory containing the product name, disintegration
rate (mCi), gamma source strength (MeV/sec), and the absorbed dose
rate (m rads (C)/hr) at one meter from an unshielded point source. A
breakdown of the above data as a function of gamma energy for each product
isotope is available as an option. This output section also includes the
decay time considered and totals of the inventory data. Simple scanning of
the output will pin-point the product (8) which presents the greatest hazard
and the reaction (s) which produces this product (see Appendix C).

The induced activity is calculated as a function of the duration of neutron
exposure and the decay times. The effects of cyclic neutron exposure and of
target atom burn-up can also be evaluated. The activity is calculated per-
unit volume, per-unit mass, or for the total mass of the composite material,
depending on the input specification.

ACTIVATION EQUATIONS

The build-up and decay of neutron-induced radioactivity are calculated
from the equations given below which have been derived from the basic
activation equations (see ref. 2). In each of the equations listed below, the
term O@ represents a summation over the entire neutron energy range
and is independent of time.

For an irradiation time ty, with zero decay time, where target atom
burn-up is ignored, the induced activities are:
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where S, SZ’ S, are the disintegration rates (dis/sec), N is the initial
number of target atoms (number), ¢ is the activation cross section
(cmz/neutron), ¢ is the neutron flux (neutrons/cm2 -sec), AI’AZ’A3 are
the decay constants for the parent, daughter, and granddaughter,
respectively (sec'l).




For a neutron irradiation time t1 followed by a decay time t2, the
induced activities are
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For a cyclic neutron exposure, with zero decay time following the
end of the last exposure, the induced activities, adjusted for target atom
burnup, are:
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where n is the number of cycles, t; is the irradiation time per cycle, and
to is the non-irradiation time per cycle. Note that equations (3) calculate
the end-of-exposure activity for n cycles (n irradiation and (n-1) non-
irradiation periods) with burn-up. The results of these equations are then
used in equations (2) to calculate the activity after decay periods following
cyclic exposure. See sketch (a).

tl n=3

< Equation (3) | Equation (2) _l

Sketch (a)

The above equations yield the disintegration rates in disintegrations
per second which are then converted to the desired output quantities. The
gamma ray source strength (MeV/sec) is obtained by multiplying the dis-
integration rate by the appropriate gamma ray energies and the fraction of
gamma rays emitted at each energy per disintegration. The absorbed dose
rate D in m rads (C)/hr at one meter from an unshielded point source
is calculated from

o _ K B -8
D= S(MeV/sec) = 1.285x10°" § (4)
2
47R

where K is an energy flux to dose conversion factor, R is the distance
from the source (1 m), and S is the source strength. K consists of a unit
conversion factor and the mass energy absorption coefficient for carbon,
which was arbitrarily selected as the 1 MeV value (0.0280 cmz/g). See
reference 2. Appendix A is a complete FORTRAN listing of the NAC caode.



PROGRAM DESCRIPTION

The NAC data library (see appendix B) contains the activation constants
for 71 naturally occurring elements with a total of 251 reactions producing
226 radioactive isotopes. For each material to be analyzed, up to 20 different
elements may be specified. Provision has been made for the analysis of as
many different materials, per computer run, as desired. For each analysis,
up to 20 decay time intervals may be specified. The NAC data library
contains the data listed below for 71 naturally occurring elements.

(1) target element names

(2) isotopic reaction

(3) activation cross sections (cm2 /g)

(4) decay constants (min'l)

(5) atomic densities (atoms/g)

(6) product isotope name

(7) decay gamma energies (MeV)

(8) fraction of gammas at a given energy

The elements required for a material analysis are identified, during
input, by their atomic number (Z) and are listed in the data library in order
of increasing Z. I an element not present in the data library is specified
during input, the code will write a message identifying the element in question
and then will eliminate it from the calculation. Data input for each material
must also include the material density or mass, the weight fractions of the
constituent elements, the irradiation and decay time, and the neutron flux in
the four energy groups listed below:

Group 1 0.82 MeV<E
Group 2 5.5 KeV<E <0.82 MeV
Group 3 1.1eV<"B<5.5KeV
Group 4 E<1l.1eV
The cross sections, taken from references 1 and 3, have been averaged as
follows: for 0 <E < 0.2 eV, a Maxwellian distribution was used; for
0.2 eV <E <0.82 MeV, a 1/E distribution was used; and for
E > 0.82 MeV, the U235 fission spectrum was used. |



PROGRAM OUTPUT
The program output contains the following data in the order listed.
Appendix C contains the output for 3 sample problems.
item 1: information provided by the user to identify each material;
item 2: the neutron flux in order of decreasing energy and the
irradiation time, if the cycling option is used this is the
irradiation time per cycle
item 3: messages, if any, for elements requested which are not
present in the library. .
item 4: element name and weight fraction
item 5: list of reactions for the element; each followed by the disintegra-
tion rates (dis/sec) for the parent, daughter, and grand-
daughter at zero decay time; and the fraction of induced
activity due to each neutron group in order of decreasing energy.
Items 4 and 5 are repeated for all elements in a given material. The above
information appears only once for each material. The following information
is repeated for each decay time.
item 6: the time after irradiation in minutes and the units in which the
output is calculated: per-gram, per-cubic centimeter, or for
the total mass.
item 7: the product isotope name and total disintegration rate, source
strength, and absorbed dose rate.
The following three lines appear if the breakdown of the activity as a function
of gamma energy is desired.
item 8: the gamma ray energies
item 9: the absorbed dose rate at each gamma energy
item 10: the source strength at each gamma energy.
The last item (11) appears regardless of the options used:
11: the total material disintegration rate, source strength, and
absorbed dose rate.
Items 6 through 11 are repeated for each time after irradiation. Those
product activities which are zero (less than 10'38) are not printed out.




PROGRAM LIMITATIONS

Each composite material may consist of up to 20 different elements
and up to 20 different decay times may be included. The number of
different materials that can be analyzed during a single computer ''run"’
is limited only by the machine time available. All reactions for each
element for which cross sections were available are included in the NAC library.
These include the (n,7), (n,p), (n, @), and (n, 2n) reactions; the formation .
of excited states and isometric states are also included. The activity for
each reaction is traced through the first three generations or until a -
stable product is formed. However, there are some exclusions:
reactions which have products having half-lives less than about one minute and
products which are not gamma emitters. The dose rate contributions of
alpha and beta particles are not included.

INPUT PREPARATION

Each ''data link'' consists of one material to be analyzed. The library
data deck must preced the first data link (see sketch (b)). The number of data
links that can be processed per computer run is not limited; but all the cards
listed below must be present for each link.

Start

Data
Library

lcta:)r%s (For each material)

l

Activation
Calculations

|
Sketch (b)
Input Flow




Card no. Columns Data
1 FORMAT (12A6)
1-72 any information desired by user to

identify the material
2 FORMAT (2213)
3 =1, if the gamma energy breakdown is
not desired
= 2, if the gamma energy breakdown is

desired
5,6 the number of elements desired;
7-66 the Z value for each element desired;
3 FORMAT (8F10.4)
1-10 = 1.0, for output per gram
= density (g/cm3) for output pér cm®
= - mass, for output per total mass
11-80 the weight fraction of each element in
the same order as the Z values on
card 2
4 FORMAT (4E10. 4)
1-40 neutron flux in order of decreasing in
energy;
5 FORMAT (I3,2E10.4,13)
1-3 number of reactor cycles; columns
are left blank if cycling is not desired
4-13 irradiation time in minutes (if cycling is
desired, the irradiation time per cycle)
14-23 non-irradiation time per cycle in minutes;
columns are left blank if cycling is not
desired
24-26 the number of decay times desired
6 FORMAT (8E10. 4)
1-80 the decay times in minutes from the end of

irradiation (from the end of the last
exposure for cycling)
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Note that card five must be used with or without cycling. Normal
(non-cyclic) calculations (equations (1)) do not include target atom burn-
up. Calculation of target burn-up without cycling may be obtained by

setting the number of cycles to 1 and the non-irradiation time per cycle
to zero on card 5.
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PPENDIX A A COMPLETE FORTRAN LISTING OF THE NAC CODE

INTEGER QPT,2(21),PA(251),PB(251),PC(251)

REAL LA(251),LB(25)),4LC(251)

DIMENSION ELEM(2471)4REAC(5,251)9SIGMA(4,251),150(29226),NE(226),
AEGAM(7,226)yFRAC(T79226)4TE(T71)4IDEL(T1),AD(71)4NAME(L12),WTF(20),
BPHI(4)4T(20)4FN(4)4PROD(50420)¢IP(50)4SF(4)4SFX{4)4S{T)4R(7)4+DF(4)
CyDFN{4)

READ IN DATA LIBRARY

READ (55,100)((ELEMITyK)y1=142)4K=1,71)
100 FORMAT (12A6)

READ (5,101) (IE(J)4IDEL(J)yJ=14T71) )
101 FORMAT (2014)

READ (5,102) (AD(J)4Jd=1,71)
102 -FORMAT (8El10.4)

READ (54103) ((REAC(14J)eI=145)4(SIGMA({T4J)yI=144),PALJ),LA{I),

APB(J) 4sLB(J)4PC(JI)4yLC(J)yI=1,251) )
103 FORMAT (5A6¢4E10.4/1449E9.49144E9.44914,E9,.4)

READ (54104) ((I1SO(145J)9I=142)4NE(J)(EGAM(I4J)yFRAC(I4J)yI=1,7),

AJ=1,226) -

104 FORMAT (A3,A4,13414F5,.2)

READ IN MATERIAL DATA

9999 READ (5,100) (NAME(L).L=1,12)
READ (5,105) OPT4JJdye(Z(J)yd=1,JJ)
105 FORMAT (2213)
READ (5,106) WT,(WTF(J)ed=1,4JJ)
106 FORMAT (8F10.4)
READ (5,107) (PHI(I)yI=144)9INgT1yT2,LLy(T(L)yL=1yLL)
107 FURMAT (4E1044/13,2E10.4413/(8E10.4))
TN=FLOAT(IN)
WRITE (6,200}
200 FORMAT (1H1,2X)

WRITE INPUT DATA--MATERIAL IDENTIFICATION INFORMATION, NEUTRON
FLUX, IRRADIATION TIME OR NUMBER OF CYCLES AND
IRRADIATIUN TIME PER CYCLE

WRITE (6,201) (NAME(L),L=1,12)
201 FORMAT (1H ,29X,12A6///2X).
IF {TN.NE.O.) GO TO 1
WRITE (64202) (PHI(I),1=1494),T1
202 FORMAT (13H NEUTRON FLUX,4(5X,1PE10,3),20X,16HIRRADIATION TIME,
A 1PE12.344H MIN//2X)
GO TO 2
1 WRITE (64203) (PHI(1),1=194)4,IN,T1
203 FORMAT (13H NEUTRON FLUX¢4(5X41PE1043)410X,1447H CYCLES,5X,
A16HIRRADIATION TIME,1PEL1C.3,4H MIN//2X)

CONVERT INPUT Z TO KEY TO REACTION INDEXING PARAMETERS
TRAP ELEMENTS REQUESTED, BUT NOT IN THE LIBRARY, WRITE MESSAGE

2 DO 1000 J=1,J44
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M=Z (J)
IF (MeLTe9«ORMEQe10.0RMEQe39,0R M.EQe43.0R. M. EQ.6).0R. M EQ.68.
‘0R.H.EQ.76.0R.".EO.82.0R.M.GE.84’AND.H.LEOGQOOR.".GT.QZ, GO TO ll
IF (MJ.NE,9) GO TO 3
Z(J)=1
GO 70 1000
3 IF (M,GT.39) GO TO 4
Z{(J)=Z(J)-9
GO TO 1000
4 IF (M.GT.43) GO TO 5
2(J)=2(1J)-10
GO T0 1000
S IF (M.GT.61) GO TO 6
2{J)=2(J)-11
GO TO0 1000
6 IF (M.GT.68) GO TO 7
1(3)=2(J)-12
GO TO 1000
7 IF (M,GT.76) GO TO 8
2(3)=2(J)-13
GO TO 1000
8 IF (M.GT7.82) GO TG 9
Z(J)=2(J)-14
GO T0 1000
9 IF (M.NE.83) GO TO 10
1(J)=68
GO 70 1000
10 Z(J)=2(J)-21
GO TC 1000
11 WRITE (64204) M
204 FORMAT (37H ELEMENT IS NOT LISTED IN LIBRARY 2=,13//2X)
2(J)=0
1000 CONTINUE

BEGIN CALCULATION OF END OF IRRADIATION DISINTEGRATION RATES

N=0
WRITE (64205}
205 FORMAT(5Xy THELEMENT,11X,15HWEIGHT FRACTION13X,22HDPS AT ZERO DECAY

A TIMEZ1T7X435HACTIVITY FRACTION PER NEUTRON GROUP/2X)

DO 1012 J=1,JJ

M=Z(J)

IF (M.E0.0) GO T0 1012

KK=TE(M)

KKK=JDEL (M) 4+KK-1

PERC=ABS (WT*WTF(J))

WRITE ELEMENT NAME AND WEIGHT FRACTION

WRITE (69206) (ELEM(I4M)yI=1,2)sWTF(J)
206 FORMAT (2X/5X¢2A64,10X40PF8.5//2X)

D0 1011 K=KK,KKK

T0T=0.

00 1002 I=1,4

FNUT)=PHI(T)*SIGMA(I,K)

DEN(I)=FN(I)
1002 TOT=TOT+FN(I)

IF (TN.NE.O.) GO TO 20

ACTIVATION WITHOUT CYCLING AND BURN-UP
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A=PERC*TOT
AL=LA(K)
ALX=EXP(~AL%*T1)
IPA=PA(K)

CALCULATE PARENT POST-IRRADIATION ACTIVITY (DIS/SEC)

S1=A*{1.-ALX)

IF (PB(K).EQ.0) GO TO 12
BL=LB(K)

BLX=EXP(-BL*T1)
IPB=PB(K)

CALCULATE DAUGHTER POST-IRRADIATION ACTIVITY (DIS/SEC)

S2=A%{BL*(1.-ALX)—AL*{1.—-BLX))/(BL=-AL)
IF (PC(K).EQ.0) GO TO 13

CL=LC(K)

CLX=EXP(-CL*T1)

1PC=PC{K)

CALCULATE GRAND DAUGHTER POST-IRRADIATION ACTIVITY (DIS/SEC)

S3=A%{(BL-AL)*(2.-CLX)~BL*CL*(ALX-CLX)/(CL-AL)+AL*CL*(BLX-CLX)
A/(CL-BL))/(BL-AL)

GO TO 14

IPB=0

S$2=0.

1PC=0

$3=0.

CALCULATE NEUTRON GROUP ACTIVITY FRACTIONS

WRITE REACTION, POST-IRRADIATION DISINTEGRATION RATES, AND NEUTRON
GROUP ACTIVITY FRACTIONS

DO 1003 I=1,4

DF(I)=DFN(I1)/T0T

WRITE (64207) (REAC(I4K)9I=19519S519S29S34(DF(1)y1I=144)
FORMAT (10X ,5A643(5Xy1PELOe3) y4{(5X40PF6.4))

CALCULATE DISINTEGRATION RATES FOR REQUIRED DECAY TIMES

DO 1007 L=1,LL

IF (T{L).GT.0.,) GO TO 15

AT=S1

BT=S2

CT=S3

GO 70 16

ALT=EXP(~ALXT(L))

AT=S1*ALT

IFf (IPB.EN.O) GO TO 16
BLT=EXP(-BL*T(L))
BT=S2%BLT+BL*S1*{ALT-BLT)/(BL—-AL)
IF (IPC.EQ.0) GO TO 16
CLT=EXP(~-CL*T(L))
CT=S3%CLT+CL*S2* (BLT-CLT)/(CL-BL)+CL*BL=SI1*((ALT-CLT)/(CL-AL)
A=(BLT-CLT)/(CL-BL))/(BL-AL)
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INCLUDE PARENT, DAUGHTER, GRAND DAUGHTER DISINTEGRATIONS RATES IN
PRODUCT ISOTOPE ARRAY-=-{1) IF ISOTOPE IS ALREADY PRESENT, ADD TO
TOTAL, (2) IF NEW ISOTOPE, INCLUDE IT IN ARRAY

16 IF (N.NE.O) GO TO 17
PROD(141)=AT
IP{1)=1PA
N=1
GO T0 18
17 DO 1004 NN=1l,N
IF (IPAJNE.IP(NN)) GO TO 1004
PROD(NNyL )=PROD(NNyL )+AT
GO 7O 18
1004 CONTINUE
N=N+1
PROD(N,L)=AT
IP(N)=]PA
18 IF (IPB.EQ.0) GO TO 1007
DO 1005 NN=1,N
IF (IPB.NEJ.IP(NN)) GO TO 1005
PROD{(NN, L )=PROD(NN,L)+BT
.GO TO 19
1005 CONTINUE
N=N+1
PROD(N,L)=BT
IP(N)=IPB
19 IF (IPC.EQ.0) GO TO 1007
DO 1006 NN=1,N
IF (IPCJNE.IP(NN)) GO TO 1006
PROD(NN4L )=PROD{(NN,L)+CT
GO TO 1007
1006 CONTINUE
N=N+1
PROD{(N,LI)=CT
IP(N)=]IPC
1007 CONTINUE
GO 70 1011

ACTIVATION CALCULATION FOR CYCLING AND BURN-UP

20 AL=LA(K)
ALX=EXP (—AL%*T1)
TOT=0,
IPA=PA(K)
S1=0.
DO 1008 I=1,4
SF{I)=60.,*FN(I)/AD(M)
SFX(I)=EXP(-SF(1)*T1)
IF ((SFX(I)-ALX).NE.O.) GO TO 21
ALC=TN
DFN(I)=FN(T1)xT1*ALC
GO TO 1008

CALCULATE PARENT POST-IRRADIATION ACTIVITY (DIS/SEC)

21 ALC=(SFX(I)®ETN-EXP (-TN*AL*(TL1+T2)))/(SFX(I)=EXP(-AL*(T1+T72)))
DFN{I)=FN(I)®(SFX{I)=ALX)/ (AL-SF(I))*ALC
1008 TOT=TOT+DFN{I)}
" S1=TOT*PERC*AL
IF (PB(K).EQ.O0) GO TO 22
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IPB=PB(K)
BL=LB(K)
BLX=EXP(-BL*T1)
S2=0.

CALCULATE DAUGHTER POST-IRRADIATION ACTIVITY (DIS/SEC)

DO 1009 I=1,4
$S2=52+FN(T)}*L(SFX(T)=-BLX)/(BL-SF(I))—-(ALX-BLX)/(BL~AL))}/(AL=SF(1))
S2=S2*%PERC*AL*BL*ALC

IF (PC(K).EN.O0) GO TO 23

IPC=PC(K)

CL=LC(K)

CLX=EXP(=-CL%*T1)

S3=0,.

CALCULATE GRAND DAUGHTER POST-IRRADIATION ACTIVITY (DIS/SEC)

DO 1010 I=1l,4
S3=S3+FN(II*C((SFX(II=CLX)/{CL=SF({T))~{BLX=CLX)/(CL=-BL))}/{(BL=-SFI(1)
A)=((ALX-CLX)/(CL-AL)-(BLX~CLX)/(CL-BL))/(BL-AL))
S3=S3%PERC*AL*BL*CL*ALC

GO T0 14

1PB=0

S2=0.

IPC=0

S3=0.

GO TO 14

GO BACK AND CALCULATE ACTIVITY AFTER DECAY TIMES AND INCLUDE IN
PRODUCT ISOTOPE ARRAY

CONTINUE

CONTINUE

NEND=N

DO 1015 L=1,LL

WRITE (6,200)

CTiT=0,

RTT=0,.

STT=O.

IF (ABS(WT-1,).,LT,.,00001) GO TO 24
IF (WT.LT.0.,) GO TO 25

WRITE THE DECAY TIME AND UNITS FOR CALCULATION

WRITE (6,208) TI(L)

FORMAT (23H TIME AFTER IRRADIATION,1PE12.444H MIN,20X,31HALL OUTPU
AT PER CUBIC CENTIMETER//2X)

GO TO 26

24 WRITE (6,209) T(L)

209

25
210

FORMAT (23H TIME AFTER IRRADIATIONG1PE12.444H MIN,20X,19HALL QUTPU
AT PER GRAM//2X)

GO TO 26

WRITE (6,210) T(L)

FORMAT (23H TIME AFTER IRRADIATION,1PE12.4,4H MIN,20X,25HALL OUTPU
AT FOR TOTAL MASS//2X)

CALCULATE DISINTEGRATION RATES (MCI)y, SOURCE STRENGTHS (MEV/SEC),
DOSE RATES (MR{C)/HR), AND TOTALS
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26 DO 1014 N=1,NEND

K={P(N)}
NN=NE(K)
IF (PROD(N,L).EQ.O0.) GO TO 1014
RT=0,
ST=0.
P=PROD(N,L)
CT=P/3.7TE7
DO 1013 [=1,4NN
S(I)=FRAC(I,K)*EGAM(I,K)*P
R{I)=S(1)*1,285E-8
ST=ST+S¢(1)

1013 RT=RT+R(1])

WRITE PRODUCT ISOTOPE INVENTORY

WRITE (64211) (ISO(MyK) o M=142)4CTyRT,ST
211 FORMAT (5X9A34A4910Xy1PEL1O0.4912H MILLICURIESyS5X91PE1O.4914H MR/HR
AAT 1 M ,5X,1PE1O0.498H MEV/SEC/2X)
-IF (OPT.EQ.1) GO TO 27
WRITE (6,212) (EGAM(I4K)}yI=14NN)
212 FORMAT (12X413HGAMMA ENERGY ,7(5X40PF10.4))
WRITE (64213) (R{I)sI=14NN)
213 FORMAT (12X413HMR/HR AT 1 M ,7(5X41PE10.4))
WRITE (64214) (S(I),I=14NN) -
214 FORMAT (12X,13HMEV/SEC 2 T(5X41PELO.4)/2X)
27 CTT=CTT+CT
RTT=RTT+RT
STT=STT+5T
1014 CONTINUE
WRITE (64215) CTT4RTT,LSTT
215 FORMAT(2X/24H TOTAL MATERIAL ACTIVITY,10Xs1PElO0.4y12H MILLICURIES,
ASXy1PE1O.4914H MR/HR AT 1 M ,5X,1PEL1O0.498H MEV/SEC)
1015 CONTINUE
GO TO 9999
END
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APPENDIX B

DATA LIBRARY LISTING

The NAC data library is listed below in three sections. The first
section contains the target element names, atomic densities, and reaction
indices. The second section contains the individual reactions and reaction
parameters. The third section contains the product isotopes and gamma
energy yields.

Section I contains the name of each element present in the data library,
in order of increasing Z, on the first 12 cards. The next 8 cards contain one
pair of reaction indices for each element. The first index identifies the first
reaction for an element in the reaction table listed in Section IT and the
second index is the number of reactions for a given element. For example,
the first two pair on the first card:

1 - first reaction for fluorine
3 —~three fluorine reactions

4 - first reaction for sodium
4 - four sodium reactions

The final nine cards contain the atomic density (atoms per gram) of each
element in order of increasing Z.




SECTION 1
FLUORINE SODIUM
SUL FUR CHLORINE
TITANTUM VANADIUM
NICKEL COPPER
SELENTUM RROMINE
NIOB UM MOLYBDENUM
CADMIUM INDIUM
XENON CESTUM
NEODYMIUM SAMARTIUM
HOLMIUM THUL TUM
TUNGSTEN RHENTUM
THALLTUM BISMUTH

1 3 4 4 ]
30, 3] 33 4| 37
73 8] 81 4| 85

126 21128 71138
167 7|174 4| 178
202 31205 2] 207
220 31223 2l 225
246 6
3.,164E22 2.,615E22
1.508E22 1.540F22
1.079F22 "~ 1.,022E22
T.630E21 7.539E21
5.926F21 5,R56E21
G4.7T720E21 4,747E21
4,181F21  44,000F21
3.4R1E21  3.,626E21
3.,068E21  3.003E21

18

ELEMENT NAMES, REACTION INDICES,

ATOMIC DENSITIES (ATOMS/GRAMS)

PHOSPHORUS
SCANDIUM
COBALT
ARSENIC
ZIRCONIUM
SILVER
I0DINE
PRASEODYMIUM
DYSPROUSIUM
TANTALUM
MERCURY

25

61
116
156
197
215
243

e e R e
NWW A PN

MAGNESTUM ALUMINUM SILICON
ARGON POGTASSIUM CALCTIUM
CHROMIUM MANGANESE . IRON
ZINC GALLIUM GERMANIUM
KRYPTON RUBIDIUM STRONTIUM
RUTHENIUM = RHODIUM PALLADIUM
TIN ANT IMONY TELLURTUM
BARTUM LANTHANUM CERTIUM
EUROPIUM GADOCLINIUM TERRIUM
YTTERBIUM LUTIUM HAFNTUM
IRINDTIUM PLATINUM GOLD
THORTUM PROTACTINIUMURANIUM
2] 10 41 14 4] 18 2f 20 2| 22
5] 42 3] 45 31 48 3] 51 4| 55
8] 93 31 96 51101 51106 61112
21137 11138 3] 141 51146 71153
5}183 41187 51192 1]193 31196
11208 21210 1] 211 11212 11213
31228 41232 41236 41240 21242
2.47T7E22 2.233E22 2.145E22 1,.,945E22
1.503E22 1.340E22 1.258E22 1.181F22
1.026E22 9.471E21 9.,215E21 8,644E21
T«1R84E21 T7.050£21 6.R85E21 6,604F21
5.641F21  5.,585F21 5.,359F21 5.,247E21
44579FE21 4.533E21 4,386E21 4,.341F21
3.964F21 3.,R41£21 3,782E21 3,703E21
3.375821 3.329E21 3.273E21 3.,235F21
2.945E21 ?.878E21 2.591E21 2,.570E21

1.R79E22
1.158E22
A.298E21
6.488FE21
5.079E21
4,306E21
3.653E21
3.118F21
24529E21

26

68
120
161
200
218
245

—NNU

1.699€22
1.097E22
Be042E21
6.279€21
4.948E21
4,278E21
3,555F21
3.08RE2]
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Section II consists of two cards for each of the 251 reactions. The
first card contains the reaction, followed by the activation cross sections
(cm2 /g) for the four neutron groups in order of decreasing energy. Blanks
indicate that the particular cross section is zero or unknown. The second
card contains up to three pairs of numbers, each pair corresponding to a
radioactive isotope. The first number of each pair is an index which
identifies the product isotope (Section III). The second number of the pair
is the isotope decay constant (min~ 1).

For example for the first three reactions:

product isotope 3 is on

product isotope 2 is O19

product isotope 1 is N16
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SECTION IT  REACTION, CR{ISS SECTIONS

NDECAY CHNSTANT (MIM -1)

F 19 (NyG) F 20 2.286=6
3 3.707+0

F 19 (NeP) 00 19 T581=-5
2 1.435+0

F 19 (NyA) N 16 3,786-4
1 5.635+0

NA 23 (NeG) NA 24 1.602-6
o TeT702-4

NA 23 (NyP) NF 23 3.927~5
4 1.019+0

NA 23 (NyA) F 20 1.749-5
3 3, 707+0

NA 23 (Ny2N) NA 22 leh49-7
b 5,059=-7

MG 24 (NyaP) NA 24 4,279-3
[} Te102-4

MG 26 (NaG) MG 27 1.678~R

7 Te374=2 )

AL 27 (NeG) AL 28 R,2672=-A
Y 3.,000-1

AL 27 (NyP) MG 27 1.200=4
7 Te376~2

Al 27 {mgA) MA 24 ?eDn/=5
b TTN2=04

AL 27 {(ng2N) AL 264 5,192-4
Rl .A30D=12

ST 2R (wyP) AL ?R 2e?90=4
9 3,000-1

ST 29 (myP) AL 29 247036
10 Jeth4n=1

ST 30 (nmeaG) ST 31 347 RR=9
11 4,077 =3

ST 30 (MgA) w3 27 R,a()42-6
[ Ted(b=?

P31 (neP) ST 31 Telthh=4
11 4.0 77-3%4

P 31 (nNyA) AL 28 AoRAA=H
9 2, 000=1

§ 34 (wvyA) ST 31 26 GUI=A
11 4.077-3

S 36 (Me3) S 37 2eh49-11
12 14379=1

CLo 3% (Me2n) L 346M GeHRH=K
13 24139=2

G337 (me) Ct 3R 1.370-7
14 1 ,898=)

Ch 37 (nyP) S 37 7 eQ24L~R
12 1a375-1

A 4l (MaG)Y N 4] oW Ta4-T7
15 6.301-3

K 3G (iyz) K 4D 2.119=-7
17 1a039=15%

K 39 (NMy2nM) K 3R 4.830~7

(CM 2/GRAM), PRODUCT
9.130-5 3.393-5
2. hRO~H 4,851-4
2.R53-7 2 e34KR~A
fe394-4 1.822-4
HebbA=R ? 499 —~A
3.527-10 loe4RG=R
lotlbe=-6A AelH3=5H
Te220=6 3.1R2-4
2el194-6 CPLYA T

[SOTOPE INDEX,

2.814—4

1.124-3

S5e4?24-5

4,212-3

D 4h9—-4

3eahYK-7

Jebd3-3

Te398=3

7e236-3
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K 41
18
K 41
14
CA 42
18
CA 46
19
CA 48
20
SC &b
23
SC 45
1R
SCo4h
21
SC 45
2?2
TT 46
23
TI &7
74
TI 48
Vel
TI %0
26
T1 50
19
Vs
27
Vo9l
?A
Vo H1
75
= 50
29
R Ho
78
CR H»?
27
MM 9 Y
31
MN B Y
21
it Ky
30
FE b4
30
Fr b4
29
FE 564
31
FE 48
32
Cl) 59
34
.11 »9
37
1 Ha

YN0 2=2
(NsG) K 42

924724
(NyA) CL 3R

1.“5“‘7

(NyP) K 42

9.247-4

(NgG) CA 47-=SC 47
1.024~46 24 1.,416-4
(MyG) CA 49

TeBTT-3

(NyG) SC 46

5.729=-5A

(NgA) K 42

Qe742-4

(Ny2N) SC 44mM==S5C 44
2.003=4 22 2,9A72-74
(Ny2N) SC 44
2.962-3

(NyP) SC 46

He729-A

{NyP) SC 47

leb4lbh=-4

(NyP) SC 48

?eb26-4

(NyG) TI 51

1.197=-2

(NyA) CA 47~-=SC 47
1.024~-4 24 1ellbh—4
(NyG) V. 52

leRG4L—]

(NyP) 11 51

lolq_/-?.

(iWyA) SC 4R

2eh26-4

(NyGG) CR H]

1.733%=H

(My2m) CR 69
lebb)=?7

(nMyP) V62

leR4G4-1

(My(G) MiN 56

Lghi)]l=H

{MgA) V w2

1.844=1

(Mg 2N} MN 54
1e534-A

(NgP) N b4

1.5_5"-6

(nyA) CR 51

le733-5

(MyP) MN HA

4,501-3

(My(3) FF b9

(MyG) CO 6AOM==Ct} &0
6.602=-2 37 2.502-7
(MyG) CO 60O

Zeb02=1

(MeP) FE »9
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1.052=7
HeRZ21~6
5e679=5
7.832-12
2.331-9
2.259-5%
4.95R=6
4.336-7
5e517=17
1.5%9-5
3.400-5
4.312-17
5e344-9
1.344-10
1.379-5
3.560-7
1.957-7
Re?22=T
4abhbh=G
2 T17-5

7eH0b=5

1.A9YR=5
?e5A7-9

1024“-5

1.090-6

Be720-11
2.406-R

2.353-4

T603-8

9064

Re0)—hA

e (404

2e661—R
2ellh=4

1.222-4

4,804-5

3.R45-9
9.752-7

1.038=-2

3.265-6

1.R43-3

3.747-4

l o 17‘%"6
he3ub=-3

RoN15=73

lel110-4

13317

2:457=5

Tab51-5

4e.766-2

BabT70-3

5.370-4
le313-1

le641-1



32
CO %9
31
C0 59
34
cCO 59
35
NI 58
34
NI 5R
35
NT 5HR
33
N HR
38
NT 60
37
62
37
NI 64
39
CU 63
41
CY 63
37
Civ A3
40
Cl1 A5
42
Cly AH
41
A YA
4h
YANEN XS
4
N A
L4
70 AA
47
7ni AT
43
/v AR
Lk
Jv AR
39
7N 70
47
GA AQ
49
GA 69
LA
A AQ
45
Ga 71
50
GE 70
49
GE 70
52
L5Y Y 4

1.066-5
(NyA) MN 56
b4q 501-3

(Ny2N) CO 58m=~=C1) bR

1e284-3 35
(Ny2N) CO 58

66656

(NyP) CO 58M--C0O 58

1.,2R4~-3 35
(NyP) CO 58

bebbH—F
(MyNP) CO 57
(Ng2N) NI 57
3.067-4
(NyP) COY 60
2e002=7
(NygA) FE 59
le066-5
(NyG) NI 65
4ol 5=73
(NyG) CU 64
HaRRT~4
(MyA) CO 60
?e502-7
(Ny?2N) CUV 62
e T4=7?
(Ny3) CH 66
le359-1
{(hy?2N) CH A4
QG RRT=4
(MeG) I 65
1e969-A
(ivyP) CU 64
Q-R"{“{“’
(Mg2) 7N 63
1226 =2
(MyP) CHl 6K
14499=-1
(MyP) CH 67
1e904-4
(MyG)Y 7N A9M
Re250=4
(vgn) NI K5
L obLbLb—3
(NeG) 72N 71
Belbdl-1

(Mg (3) A 70
e 2RH=?
(NMgP) 70N 69M
Re 2524
(Ny2M) GA AR
1.019-2
(Ng) GA 72
RehP2—U
(rigP) GA 70
e ?28H=2
(Nyg2N) (GFE A9
? e RRR=h

(NyP) A T2

Gebbh=6

22

1.162-6
9.577=7
9.,577-7
9,038-5
9.119-4
2.4973-4
44358-R
16342-~5
5e257-R
1.386-8
6feB1l0-6
4,718=-6
1«501-6
1.180-5
1.189=-4
1e596-7
3.156=5
1o 740=7
Re372=6
1e014-7
5 e 394=G
3e421-R
1.969-10
1 0B8T=H
lelbh—h

560265
44251=7

2e?2T1=R

1.436-7 be333-6 letsbb=4

1.,ARR=4 3.418-4 447173

5e629-5 5.602=-4 44355-3

l.668-6 Te347-5 1.700-3

13327 HeRRYI-6A 2e(0R3-4

3,RRY=-9 1.714-7 3.9A3~-6

hellBbH=H 269294 S eR4R=-3

hel?20)=5 be9172-4 1.3R1-2




N NP =l

Cr T3 (Ve M) G
S P IS
e o (e Ay T

ot Baln/-])
GF 6 [y ) 1k
b1, 0N0=4

[ Y Y SO SR D I Y
~d (e ful2=?
I N W O BN
N fe N 2=0
AN I (ve () NS
N g FENtI—= 1
AS 1D e A) AN
BB HghRDP 2=
AS TR (e 20} A
LYY Ve TA="
S fl (mye) SE
AL R
S 77 {1ewR) AN
" P etinn—4
Sre R (g () SH
AL T 1 220=2
Sk () Sk
R? Rhigb=)
SeoRP (e t) Sk
) Vel A~7
il T g in ) kW
~h gt A=
S A R B
N b RA=G
2wl ety R
ala) R ERESE
“ Al (e a) s
Be fas) =3
R I PR B
QX0 e =4
W9 e ds) K
Frooe N o = i
ey g ) b
o (\.1.] a=1
e omd (g i) ok
PPN RN
O T 7 N B
(D SRR
< 2 M (.‘,.) Y
A la2Ar—1
R HEe gl ) KK
1 N Al
A (1)

(b D gmAlimn
Wy [ty 2) R
T4 1 g lihiimth
S T B A LIPS B B AR
(e} 4 RuGlimp
QA R {elg 2 V) Kb
T4 PR N SEPEN

Qu R4 (vgtn) Sw
(f g A= 4
e e (1 qid)  Nie

S

{3

(1

{{==NnS T/
LY 7 aMhr—4
THm==ASN 1
3 e =4

(r==isk {{==AS T/

Bh Lelinhi=3
16

17

ZA

‘i

it

RYm

23

ZedRi=hH
1677272-5
Redn /=10
TolR7T=10
1170-10
B8 2.Yh2-4
L eHO9=5H
Vo331
leHlb~6H
Jel9h=6

Aodbh-h

RAgpm =N R 3=eRRRY

A3 el A=)
K3——mH= 55
AT Bl 3=4
TR

16

a4

G et L)

oy Ve A=/

Nyl R KD
71 1.238=7
o

R

o'

Hb

[2¥

b

Hbi==SGKr  KH

A e {174=-3

bLgniiny)—=T7
Ao n—A
lsV 7 (=04
Toeh/2h—FA
fetH 1 =9
Tatini—=N
e A=A

Yel/—A

{1 =A

Venpw=v

4 g N

4 g A=A

1o/t d=A

Loy pa=10

Qg | =

4,091 =R

BahlH=-n

g (3010

1164

3 AALI=A

Ko 1A=

7 e RO =4
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le9?20=6

2o hnO=1

1el99-3

5998 =5
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1elre—3
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2 e lie—4
INELEES
? o) 4=r
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1 o/ 2bh=h
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4 ()RR =Y

4eD1b-H
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2e 1167

1.3%A=3

Geln3=H
1e738=3
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Ay llrta=h
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76
SR R4
TR
SR 86
79
7R 90
R4
7R 94
85
72 94
RS
/7R 94
K}
IR 94
R1
7R 96
R6
NB 93
RA
NR Q3
RY
k) 92
93
ML 97
R7
i QP2
Ra
M0 9%
91
Ny 97
9?2
Mt 9R
94
100
Oh
KLl no
97
CARRRAYA
G
RH104
99
PHIO2
101
DH]HQ
103
PH110
104
AGLOT
105
AGIOT
104
A109
100K/
pAGIOQ
103
AGIOQ
105
Cn10A
109
Ch1lo

90903‘3 7H

(NyG) SR 85
7.618—5
(NyG) SR R7M
4.120‘3
(Ny2N) 7ZR RQ
1.453-4

(NgG) ZR 95==NBISM=-=NBI5

7.382-6 90

7.61H-5

1.2”3“4

(NyG) ZR 95==nNR GH

7.3872-6 91

{(NgA) SR 9l=-Y Ylm--y 9]

1.195-3 82

10372—5

1e3/7/R=2

(NgA) SR 91--Y 9]

1.195-3 83

Ra242-6

(NyG) ZR 97--N3 97

beT9h~4 97

Yehla=3

[Ny G) NR Q4pm—=nNK 94

1.050~1
{(Ny2N) NH 92
44813-5
{(Ny,G) MO 93M
1.65%0-3

(Mg P) NR 9P
40R14‘5
(NyA) ZR R9
leb2=4
(MyP) MR 95
1.375-5
(NgP) NR QY
9.367-5
(NyG) ®) 99
1, 7264

(Mg 13)
LGobh2)=? 96
(Nef3) RULO3
14277~5

89 A,301-11

1101--1C10¢1
4ea9b]1=7

{Ny) RUIOS==RH]1NS

2e60A=3 100
(a3}
leb/n=1 100
(Ny) LNINZ
?2aRTA=H

(Ry ) PPLOYGHM
le4bu=1

(N,Q)
%olb”~2 107
(e} AGLOSR
7 e MRR=1

(fvg2M) AGLOAM

Del28=H
(My) AGLLIOM
1.904-6
(NyP) PNLOGM
1a659-1
(higPn)
D e BRH=1
(MeG) CNLOT
1.724‘3
{(MyG) CHLLIM

AGLOR

3472744
RHLOLM==RH]10OY

33,2244

PD111-AGYI11M=AGLL1L
Ye776-1 10K

24

3,493-9
8.522“8

7.668=7
1.372-5

24321-10
Re242-6
le613-10
7.836-8
1.545-5
3.,977-8
5.400-8
1.319-6
1.695;R
9. RHR=R
l.e744-5
behHOE=F
Se11R-8
3.400-F
44390~A
3.306-h
1.722-R
2.2060=7
2.438-7
ALl R=5
le534-5
2.021=R
34597-7
3.084=-R
4.537-4
2.040-R

2.075=7

4,243-8

8.799-7

4,674=T

24291=5

bobbt9—6

3.927-3

?2e298=-H

2.853=4
?.233=5
ho/bD-&
2 1944

Lo OVT5-4

b T60-6

TeRTR=YH

1.190=4 -

2.342-3

5.RUH=H

9. l000=-A

1.006-4

1.872-6

3, RRH-5

5.934'9

2.909=7

1.516-6

be33b=3

3e3AT7—H

3.463-3

1e72173-3

3.046-3

le457=2

3.,801-5

6.628-5

8.,9R2-4

1.397-6

6.R48-5

1.646-5

5.992-3

4,000-5

60110‘4

e TOE~H

2.192=3

6.13A-4

Re9HN=7

le 7476

2e181-3

le?85=-4

Tel42-?

4,746=3

He?h7=h

JJO6ET~4



110 1.386=7

(114 (NgGICDILBM=CDLL15-IN]115M
2.179-4 117

111 1.130-% 112

G114 {NgG) CDLI15--IN115M

117 ?2.179-4 117

CHL1A (NyGICNDLLTM~CHLLT=ENL1TM
l1e3R6-2 119
CNTIA(My2NICHLILISM=CDYEl =N 15M
2.179-4 117

113 3.9K3-3 114

111 1e140=% 117

CNDI1A (NG 2N)ICDLILS==IN11hn

117 ?2.179-4 117
TNT1I3 (N, G)
11 9.,627-6 1164
TN1l3 (N, G) INYVL4G

116 b T7ThA=-1
Inlls (Mefz) INLLAM
11R 1.286-2
THilh (N, )
P12 741 19=4 117
Talls (N, 2n)
115 9.627-6 114
SH112 (niyG) SN1L3
120 4,07 1~-A
SniZ22 [y G) SNI2H
121 la754=2

IN114M==TIN114

H.?’/(\"]

CHYIlo==In11om

2enhT=3

ITwllam=—=Inl14

Dol T6-1

SM124 (Ng(G) SNLI25--SH12b

122 1el4h=p 128

SRI21 (1, 6) SH127
174 1,980~)

SHI21 (weG) SR1P22
125 1.7724-4

SRIZT (my2n) S3120
123 2.301=5

I*-HH]."'/

Sho1234 (ny() SKRIZ24n=~=S1]24

124 3,300=-2 127

] 24 (IMyli) NR1P&
127 RgP3=A

SRIZ23 (g 2n) Su)p2
175 lel724=0

THEY22 (1gf3) IELZ 3N
179 bLgAD]=A
IF124 (My(5) TFL2HM
1 A HKe 291l ~FA

141 4 560=6 137
FI76 (nyG) 1R127
V472 1u.2pu—%4

R g} A=A

1 2A (NG G) TRLZ2TN-=TE12T

14229-3

TELZH {nigls) FR129m=-=1r129

133 1.429=5 134
FR12R [y ) TELP9
1346 1.0 34=2

1e0)34-2

THEY30 (M) TR131==1 131}

149 2479%=7 140
T 127 (vef3) T 17R
14 ?elni=2
T 127 (NyP) TFL27
137 1le229-73
[ 127 (Myad) SH1?74
127 Rell?A=f
T Y27 (hyp2n) 1 126

5.976=5

25

4.3%7-17
2.567-3
S5.45R=-4
1.?69"7
b ORO-3
3041()"H
2.567-3
3.399-R8

24A10=-7

7e014-5
1.130-6
7 aRAH=A
Yes99-r

10?()")-7

leb90=7 -

4 49000)—A

2el1tr ) =A

72.001=-#

Bod3b-T

21204

b, R3)=R

TeH30=R

2el01b=R

1.113-8

GeINI=T7

LebhH?2=T7

5.53()—6

TeA(=9

5,0499-10

G4o4Th=h

6. 1865

Gal96-5

le496-6

10199—_‘5

L4 30b=-H

UoRbT=-n

1.410-3

74350~6

B RG -4

le??24-»
A, LQA=Y
1.104=5
G, f4b=5
Yo VA=K
4,938 =5
1.065-4

1.5RA~3

1e495=4

1.451-4

2e478-3
R GRRR—~5

2e432-1

3.500-5
Reltb7=5

4,757-5

bel33=5

2.1100-3

YeKG3=n
lo40n=-4
?.3?5—5
b4 634L=4
Re313-A
Telur=>5
lehl7-4

beTnb=-3

1.378-3
1e752-4

4.R95-4

QQQHR—3
35694

he?bb6-1

o34~
3.064-5
4oBTH=H
44,3204

1el52=2

1.017-%

4,240~

1e026~-6
1oelxr=-3
Ae3RY=H
DehTY=4
1.809=»
JohhR=-4
7 e RRA=G

2et¥50=2



137
XElz24
141
X£128
142
XE132
143
Xt134
144
XE136
145
CS133
147
CS133
143
€CS133
139
(S133
146
RA132
151
RA13?
146
HA134
153
RAL136
148
RA13R
150
LA139
1ha
Cr138
155
k140
157
Ck142
158
PR14]
159
MDY A6
160
N 4R
161
RURE B1¢]
162
SMls?
166
Srilha
167
[ AR
1AR
Ftil51
169

FUI153

170
GN1HR
171
160
172
TR159

3.629-5

(N,G) XE125-~1 125
be418=4 136 8,013-6
(NyG) XF129M

54332-5

(NyG) XE133 .

9.145-5

{NyG) XE135

{(NyG) XE137-~-CS5137
1.777-1 149 4,951-8
{NyG) CS134

% e975=7

{NyP) XE133

9. ]45_5

(NyA) T 130

Q,24272~4

{Ng2N) CS132

Te429-5

(NyG) RA133M=--BA133
1e758=7 152 2.962-4
(NyP) CS132

Te764=5

(MgG) BAL135mM

{NyP) CS136

3,703-5

(NyP) CS138

?e153-2

(NyG) LALA4LD

2 RTHh=4

(Ng2N) CE1I37TM==CE137
3.39R8=4 1%6 1.327-3
(MyG) CF141

1.459-5

(NyG) CEL43

3.501=0

(Mg () PRL1G2

S HTL=b

(NyG) AD14T==PHUlGT
44359=-5 163 H,023~7
(nigG) NIN149==PY] 49
AORO=3 164 2.,179-4
(e} NDLHl=-=PMlb]
S5.7T76=2 165 4,126-4
{(MyG) Sm1b3

2 J4HR=4

(Mg G) SMIHS

de150-2

(e R) FULIS2M

1le00R4=T7

(NeG) FULS2

1.242-3

(NyG) KULba

Re242-R

(Ng) G159

A4l R-4

(ve3) GD1IAL

1.873-1

(MyG) TR1AO

26

10213’8

3,333-7

5.815-6
6elbh=-R
7.110-9
4.755=6
1.021-8
2.237-8
4,494-7
5.263=10
3.360-6
8.950=7

1.300-8

ReB22-T
1.671-8
1.328=7
fe499-R
bolbt=7
2.736-7
1.96K=4

4.380"'5

Rel72-7
7019(\‘7

2-20R_5

1.055-4
heb36-6

1.332~3

1.910-8

le767-5

2e533-4

1.112-5
9,.522-6
2eb4uR=—4
4,037=-6
?.396-5
lel174-5
1264
be343-5
1.292-2
2eHT4=3
3.,809-3
l.402-4
1.204-4

4,7720-3

44313-5
3.,378=5
2.507~4
8.916=-6
2.017-6

2+113=-2

5.538=-6

4.911-4

Rel92-3

3.892-5
7 .025-5
2.149-3
4,913~4
4,913-4
24362-5
1e603=2
4 TRG=G
be228-1
lolb7-1
263671
2.636=-3
26357-3

6,125=2

20618"‘0

1.487-4

2.()81“‘0

8,079-5

4,904~5

9.470-2

1.702-5

14 709-4

3.,099~2

9, 47hH~4
3.593-4
3,R884-2
beh23-04
b6eb23-4
2.817-4
] e?2000=1
3.024=3
GeH G140
712140
Te691-1
3,0672=3
HYeNAG=4

le4001-1




173
NY164
174
Y164
175
HiJl65
176
TM169
177
YB16R
178
LUY75
179
LH176
180
HE1 T4
1K1
HEYT9
1R?2
HF 1RO
1R3
TA1R1
1R5
TAl8]
184
W 184
187
W 186
188
W 186
186
REL1RS
1r9
RE1RY
190
IrR191
191
1R191
192
TrR193
193
PT192
194
PT196A
195
PT198
196
PI19R
195
At1) Q7
198
AVJ197
195
AUYQ7
193
AL1Q7
197
HG196
201
H(198

217

6.()6‘3-6

(NyG) NY1ESM=-~DY165 3,320-5
5¢%45=1 175 4,916-3

(NyG) NYL165 1.328=5
4.916-3

(MyG) HOLBAM 1.006-5
1.100=6

(MNyG)Y TMLTO 1.43%-5
(NyG) YR169 1.655~6
(NyG) LULT7EM 2.111-5
3.122-3

(NyG) LUYTT 5.698=6
7¢183=H

(NyG) HFL175 leba7~7
heRE3—A

{MyG) HEIROM 44650~7
24100-3

(NyG) HF181 Teb94-6
1.119-5

44,0776

(Ny2M) TALROM hot9T7-6
10417‘3

{(NyG) W 185 Te966=7
6.245"‘6 .
(NgG) WIRT 44.583-6
4oR13-4

(NyP) TALB6 6.,602-10
b1 =2

(MyG) RELRE be232-6
He291~-6

(NyG) RFE1BE ) 4,204-6
fe932=-4

(NyGG) TR192M==]R19? Te312-6
(ryef3) TR192 1.96R~5
Aol TR=6H

(hyG) TRL94 heb33-4
Ao NRO-4

(NyG) PT193M 2e614=9
1.],18—4

(MNyG) PTLIQT TeRG4L=5
Dellb-4

(My(G) PT199=-=AU1199 3.059-7
2«311=7 199 1,%37-4

(Me2N) PT197 leb4h-3
5e415=4

(NyG) AUILGR 5s731-6
le7R2~4

(MyP) PTLOY 1,294-6
hellb—4

(MyA) TR194 bet31-11
6L ORO=4

(Ny2N) AUYIS6 1.R24-5
TeTRE=5

(MyG) HG1I9TM~=HG197 L4o3R4-T7
heRlb=4 202 14777-4

(My(3) HG199M 34824=T7

1.623-3
6.,497-4
2+316-3
2¢364=3
4,160~5
4.155-3
4.539-4
7.097-6
behl2-6
1.994=4

2.454-3

2.065-4

1.406-4

1.854-3
9.999-4
64398-4
le724-3
1.44R-1
6 RR3=T
4.025=7

74279-5

1.210-3

R.719-6

9.261"5

6eBOT=~2

2 .968-2

S5ellé=2

44290-2

1.861-3

1.857-1

2e290-2

1.332-3

1.691"3

44,079-2

l1.770-2

1.694-2

4 ,565=2

3,297+1

1.053-5

boRRL4—4

1 .ARG=-2

Te423=5

2.081-4

1467940
6.715-1
1.907-1
3.638=-1
44,2942
9eb41~2
2. T0R=-1
T4316-3
Be&43R-3
1.344=2

le612-3

1.,002-1
1.079-1
2.483-1
Aebbb=1
2.016-1
l1.586~4

Te140-4

2e027-1

1.802-3

G,540-A



203 1,A50=2
HG200 (NyP) AU200
200 lo444-2
HG202 (NyG) HG203
204 1.024<5
TL?203 (NyP) HG203
2046 1,024=5
TL203 (Ne2N) TL202
205 4.,006-5
RT?209 (N4aG) RI210-=P11210
20hk Q.627=5 207 3,4K3-4A
TH232 (iNyG) TH233--PA233-=11233
213 3.136=2 216 1.777-5 21R
TH?232 (Ny2N) TH231=--PAZ3)
211 44.501=4 214 3.,916-11
PA231 (NyG) PAP32-=U232--TH?28
215 3.kbT-4 217 1.7772-8 209
1l 234 (Ny() U235~=TH231-=-PA231
220 1.904-15 211 4,501-4 214
U 234 (Ng2N)1233=-=THP29~~RA225
218 B.0K9-12 210 1,795=-9 20K
1235 (NeG) ) 236==TH232
2721 4.84T7=14 217 9,431-17
235 (NMy2N) 1) 234
219 5.,7291-11
23R (NyG) UZ239-=NP239-=pPLliI239
2232 24949=2 225 2.03K=4 226
o238 (MNy2N)1237==NP23T7--PA233
2722 TalRl=H 224 5,975-13 216

28

66827
8.“)#9-5
1. 739-9

la112-6

4,535-6
1.772-8
5.904=5

2.929~6
HaHAZ-T
5.726_9
3.916-11
4.700-11
3.239-5
9.99K=-7

2647

10375‘4
5.415-11
9 .404-5
1.772-8

2.131-6

3.047-6

Be604-4

9e335-4

5.179~8

l.645-5

Bobbl—b4

2.008_5

2.083‘4

4 ,R838-3

1.283-1

3.755-7

3.549-4

6.482-3

3.393-3

4,401-5

1.564-2

4.190‘1

Re T75-6

1045]-3

5.449-3



29

Section III consists of one cardfor each of the 226 radioactive product
isotopes. Each card contains the isotope name followed by the number of
gamma rays emitted. The remainder of the card contains up to seven
pairs of numbers. Each pair consists of a gamma ray energy (MeV)
followed by the fraction of gamma rays emitted at that energy per dis-
integration. A few isotopes emit gammas at more than seven energies.

In these cases, the lowest energy groups are averaged into a single gamma
energy.
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SECTION 111 PRODUCT ISOTUPE NAME, NUMBER UF GAMMAS, GAMMA ENERGY (mMFV),
FRACTION OF GAMMAS AT A GIVEN ENERGY

N 16 3 7.1 «08 6413 .99 2.15 L0l .
019 4 1444 03 1.37 .56 2 «97 112 L,03
F 20 1 1.63 1.

NE 23 2 1.65 L,03 4l 97

NA 22 1 1.28 1,0

NA 24 2 2.75 1. 137 1.0

M(; 27 3 1.0} .‘03 0834 l. 1.75 .()1

AL 26 3 2496 003 1.83 4997 1,12 04

AL 2R 1 1.78 1,

AL 29 2 2443 062 1428 o938

ST 31 1 1.27 001

S 37 1 3.09 .9

CL 34m 5 4145 1. 441 «009 3,3 o246 2,13 ,7%1 1l.16 24
CL 38 2 2.16 447 leb «31

A 4] 1 .29 «01

K 3R 1 2.16 1.

K 40 1 l.46 .1

K 42 2 1e53 L1R «32 +01

CA 47 3 1.3 «93 «f81 07 5 .07

CA 49 3 4,68 01 4,05 o1 3.1 «89

SC 44M 1 -.27 1.

SC 44 4 2469 L0002 2.28 002 1.5 01 1,14 L03
ST 46 7 1.12 1. «RQ 1.

SC 47 I .16 o7 :

SC 48 3 1e31 1. 106 1, «99 1.

T1 51 3 .93 AT Y | 14 322 ,952

LU 1 l.44 1.

CR 49 3 .15 14 .09 «35 6 «15

CR 51 3 W65 « 01 «33 201 e 37 00

N B4 1 «R35 1, }

YN H6 T 3439 o002 2.96 ,004 2466 007 2.72 2012 2,12 o153 1481 296 B45 1.
Fr 59 3 1429 .43 1.1 . o k)

Chy v7 72 <707 4002 L1368 ,99R

ClH 58m 1 .02% 1.

CHh »8 3 165 005 LR fdULE 4ROS5 ,995

C1y 60Mm 1 059 1,

CH &0 2 133 1. 1,17 1.

Mpo57 3 1.9 14 137 oH6 127 J14

MRS 3 la4h .29 1.1 el&4 437 3

Cti 62 3 1417 4005 1413 4001 488  ,L,003

Cit 64 1 134 .42

Cil &A 2 1,04 .09 « A3 002

Ch &7 3 L3RR 01 L1R4 45 093 .35

7N 63 2 .97 2OR6 67 «113

7n AY 1 1,11 .44

7% A9m 1 0438 1,

N7 1 .51 le. .

LA AR 4 1,88 ,04 1,24 .03 1.07 98 11 « 06
GA 70 3 1,21 001 1,046 004 174 .00}

6 72 7 3.05 .01 2.4 W72 1leBB 425 1.04 .22 «835 1, «h3 e 34 439 04
A 773 4 1,04 .01 o l4 .06 «31 1. +054 L1464
GF A9 T 2.04 ,01 l.65 01 1,33 046 1,1 «39 LH86A « 18 « 58 15 W19 o1
GE 77™m 1 .21% 1,



GE
GE
AS
AS
AS
AS
SE
SE
SE
SE
AR
RR
RR
BRR
KR
KR
KR
KR
KR
RR
RR
RAB
SR
SR
SR
SR

T7H4
17
T4
76
7
78
15
B1M
83M
83
K0OM
80
82
!3
79
81
KHM
85
RT
R4
]6
A8
RHM
85M
R5
RTM
SR 91
SR 91
Y 91m
Y 91
IR Rg
7R 95
IR 97
NR 92
NR 94M
NR 94
MB 94M
NR Q8§
NR Q7
MO 93M
mi) 99
40101
JC101
RUITO3
RINOS
RH1045M
RH10%
PD103
PHIO9M
P11
AGLO6M
AGL1OR
AGLIOM
AGLYIL™
AGL111
CH107
ChHillm
ChH1lsm
Chils
Ch117m
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«159
232
242

2.06
525
2665
A7

«103
2.02
2.29
. 049
b2

1.32
087
«3

«N12
«15

«514
257
1.9

1.08
4,87
«232
el5

«513
«3R8
1.03
le4l
«951
1.19
.913
o 16

1.72
1.83
42
RT4
« 231
o 765
1.07
1,48
o 7R

2408
o712

o6l

1.3%
.]3

«319
« 53R
.19

1ot

|
«H33
leb

e AB

"e3472

e R4b6
207
1.3
«523
La?27

l.
«01
«003
.02
<008
+01
«Q2
l.
«35
ol
le
.13
«09
2

« 05
1'
1.
007
i
+00R
«09
.003
«012
1.
1.0
l.

« 508
o171
l.

. 007
l.
043"’
I].

£ 07
1.
1.
1.
1.
.01
l.
YA
16
«01
« 065
«001
le
l.
01
1.

+ QR
e 296
.019
A
1.
«0AR1
004
« 94
.0}
24
1.

1.‘)6
1.83
1,41
«245
2424
«62R

1.01

1e.H8

<037

1.04
« 046
«217

2,05
1.01

324
225

o 148
+93

e 126
lel®
.93

o7

hhS
e 615
o T4
1.56
«h35
555
« 966

36

81

1.05
617
«937

'247
093
«15
«93b
49
o 28

06
+003
«01
«025
.01
01

«R8
ol
1.

ol
1.

<03
« 005

02
«GHR

«492
+073

e561
)
.01

.99
1.

.11
«01
« 005
<03

«001

.01
.6

L01
o34

«012

.?9
<023
«122
1.

1.5
1461
1.21
16
1.82
o427

b5
1.31

A28

<201

«H&7
o RR

1.02
o9

o 7RG
«372
1.38
«H45
«498
RT4

045
ob
.RZ
.A33
«HH5
<095

4R5
263

31

07
003
12
<003
07
.02

18
el

.09

o2

13
74

)3

«3
IR

1.
01
.19
«OR
RS
43

el
.13
<48
.03
12
<001

03
02

1,08
12

«H4R
086
1.31
«273

+35
1.06
o177

«181

« 747

.1”1
1,02
« 385
Loh

726

4

« 377
72

«7Hh4

26

23
<003
«03
«001

e19
le4

11
ol
27

o2

04
o4l
« 02
.005
48

9

« 05
49

017

«709
l.
561
«R3
264
«A33

« 698

«136

.« 104
«307
«362
67

«617

« 706

)

b
+003
37
.08
1.
o1

ol

o2

.2
«91
« 003
o15

«00A

«416
«635

«695
«199

«524

«619

<084

«591

o475

«>13

«033

«82
«006

T
«08

ol

ol4

o2

.01

2004
.26

« 002

«35R

«554

<045

«899

191

L0563
«318

«619

le
«15¢

06
Fe32

15

27

«015
ola

«67



cnN117
IN114M
INI14
IN115M
IN116M
IN117M
SN1i13
SN123
SN125
S8120
SR122M
SB122
SR126M
SB124
SR125
TE123M
TEL2b5M
TREYI2TM
TE127
TE129M
TFE129
TE131
I 1725
I 126
I 128
I 130
I 131
XEL1?725
XE129M
X=133
Xk135
Xt137
CS132
CS134
CS136
S137
CS138
RAY133Mm
Ra133
RAY 35N
LA140O
CR137mM
Cr137
CEl4]
CR143
PR142
NI A
N 149
NDLS1
om147
PMl 49
PM151
SM163
SM155
Fi)1652Mm
EHiI152
EU154
GN1 59
GN16e1
TR160

\l\]O\jU‘«\l.WU‘.\I‘&t—'\lﬁ\ll—'-L\'—‘\)l—‘\lv—‘\lf\)\ll—'\l\lu'—‘wv—‘.\)'\ﬂ\x\ﬁbwl—‘d\meP‘N’\)NNN#N&#HNWNHHWH

.‘.‘25
e 722
1.3
«335
2.09
«822
«393
«153
1.39
1.18
<075
1.26
«018
2.09
o668
«159
11
«(VRQ
«418
«106
1.12
1.13
<035
«R6
«98
1.15
o124
.2“2
<196
R
ef1l
O,
1‘?.
1.37
1.26
o662
2463
o276
e 3R
e 7R
.:s.
«255
.« 445
«l4b
« 122
1.57
«688
«2hA
2417
«121
« 85
«R32
e A9

o246

l.41
].3q
1.28
.SR

«5H31
1.27

5
1.
1.

« 005
0,

« 006
« 05
21
«92
o1
1.

« 06
1.
«01
l.
<03
o7
«09
« 04
.1
.1
<001
«002
04
«001
« 04
25
2003
b
+101
<035
+105

e 556

1.49
«315
+255

1.07
1.04
«061
loel4

1.69
«b33
« 089
«035

1.08
«92

o 48
«75
o146
«638
«1HKR
04

«36

1.08
l1e17
1.07

2e21
o012
«355

.01
hHR

532
24
1.13

«582
«bT7HR
«531
e 142
1.29
1.32
1.01
«363
«361
1.18

« 04

el
«0&
0.02

.003
1.
1.
.008

92
011
1.
1.

«001

<007
.05

oli4
«004
« 765
«091
.25
1'

.01

« 006
.03
« B4

.Iﬂ
l.
o6

«01

<01

.13
«31

«002
.181
<001
«01
.015
.008
I19
12
b

« 207

«192

1.27
o161

64
199

69

137
«598

203

b4
oh

«386
53
o666
364
«113

o673
1.04
«R3

1e01

«302

351

b4l
«211
« 738

e 286
368
«173
104
1.1

«972
«997
«315
«9h6

32

'83
«23

.003
1.

«031

.04
24

001

«Q09
05

« 173
.009
1.

25

le

+99
<06
l.

25

17

08

L02
ol
!

W03
o271
2001
96
«315
004
W11
001
'24
«338

1.09

326
«089

« 564

1.32
o462

o145

027
V454

45

53
o284
075

$ 7197
«337

274

«B15

«294

«321
«162
« 256

o241
«103

«965
.963
BTG
e?25
«2RG
«R79

«57

«997
.9

«679

.03
o4l

« 001

Tl
'2

«l6h
l.

« 055
.025

o B4
«5H9

o &

« 05

. 342
«A1

«l4
«025
15
«003
11
.34

«BR2

1.05
176

« 059

e 145

o4l
.08
« 055

« 605
.?7

463

.16

«198
o124
e117

« 156
07

« 869
«344
o724
« 076
«165
« 299

15

<04
«07

«005

8

.235%

+ 055

b

«98
22

«02

5

<02
.0(\
1.

«H573
«32
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APPENDIX C
SAMPLE PROBLEMS

The input data and the code output are presented below for three
sample problems. These problems will include all of the features available
in NAC. The three materials were analyzed in a single computer run
and execution time was 0. 14 minutes.

Each of the problems will use the same neutron flux:

Group 1 3.0x1012

Group 2 1.5x1013

Group 3 2.7x1013
Group 4 4. 0><1013
Sample problem I: Aluminum 6063

Calculate the induced activity per gram for an irradiation period of 10
days with decay times of 0, 1 hour, 1 day, and 10 days

Composition (weight fraction):

Aluminum . 9765
Magnesium .009
Silicon .006
Iron .0035
Copper .001
Manganese .001
Chromium . 001
Zinc .001
Titanium .001

Sample problem II: Stainless Steel 304L
Calculate the induced activity per cm® for an irradiation of 10 days
with zero decay time. Perform gamma energy breakdown.
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Density: 7.75 gram per-cubic centimeter
Composition (weight fraction):

Iron
Chromium
Nickel
Manganese
Silicon
Carbon

. 6412
.200
.12
.02
.01
.008

Sample problem III: Experimental capsule
Calculate the induced activity for a total mass of 653.0 grams for an
exposure of b cycles consisting of 10 days irradiation and 2 days non-

irradiation with zero decay time.

Composition (weight fraction):

Tungsten
Tantalum
Nickel
Iron
Chromium
Aluminum

.151
.0583
. 495
.0743
.0942
127
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